Antimicrobial peptides are secreted by the intestinal epithelium to defend from microbial threats. The role of human b defensin-1 (hBD-1) is notable because its gene (beta-defensin 1 (DEFB1)) is constitutively expressed and its antimicrobial activity is potentiated in the low-oxygen environment that characterizes the intestinal mucosa. Hypoxia-inducible factor (HIF) is stabilized even in healthy intestinal mucosa, and we identified that epithelial HIF-1a maintains expression of murine defensins. Extension to a human model revealed that basal HIF-1a is critical for the constitutive expression of hBD-1. Chromatin immunoprecipitation identified HIF-1a binding to a hypoxia response element in the DEFB1 promoter whose importance was confirmed by site-directed mutagenesis. We used 94 human intestinal samples to identify a strong expression correlation between DEFB1 and the canonical HIF-1a target GLUT1. These findings indicate that basal HIF-1a is critical for constitutive expression of enteric DEFB1 and support targeting epithelial HIF for restoration and maintenance of intestinal integrity.
INTRODUCTION
The intestinal epithelium lines the entire gastrointestinal tract, covering a surface area of approximately 300 m 2 in the adult human and forming an essential barrier to the outside world. This single layer of epithelium must also defend this expanded interface from invasion by luminal microbiota. The anatomy of the intestine provides a fascinating metabolic profile. For example, it is well documented that a steep oxygen gradient exists from the anaerobic lumen of the intestine across the epithelium into the highly vascularized sub-epithelium. From this perspective, it is perhaps not surprising that the epithelium has evolved a number of features to cope with this metabolic setting. In fact, studies comparing functional responses between epithelial cells from different tissues have revealed that intestinal epithelial cells seem to be uniquely resistant to hypoxia and that an extremely low level of oxygenation within the normal intestinal epithelial barrier (so-called ''physiological hypoxia'') may be a regulatory adaptation mechanism to the steep oxygen gradient. 1 As a result, the intestinal epithelium has evolved coping mechanisms that include basal regulation of hypoxia-inducible factor (HIF), which is central for aspects of physiology and immunity. For example, iron absorption is dependent on multiple HIF-2a target genes. 2 Likewise, epithelial HIF-1a regulates the multidrug resistance gene, 3 mucin-3, 4 and the intestinal trefoil factor gene 5 important in maintenance of epithelial barrier function.
Antimicrobial peptides constitute a substantial part of the mucosal barrier. b-Defensins are the dominant class of antimicrobial peptide secreted by the epithelium. The four well-characterized human b defensins (hBD-1-4, encoded by beta-defensin 1 (DEFB1), DEFB4, DEFB103, and DEFB104) are small (30-47 amino acid), cationic, cysteine-rich peptides that possess broad antimicrobial activity. 6, 7 In the gut, hBD-1 has two characteristics that confer prominence. First, its antimicrobial activity is potentiated under reducing conditions that exist in the hypoxic gut lumen, whereas other antimicrobial peptides, such as hBD-3, are diminished in the reduced state. 8 Second, expression of hBD-1 is constitutive, whereas other defensins are expressed in response to microbial and inflammatory stimuli. [9] [10] [11] Given these properties, it is not surprising that defective expression of hBD-1 is associated with mucosal diseases, such as inflammatory bowel disease, [12] [13] [14] candidia carriage, 15 periodontitis, 16 and dental carries. 17 Despite the homeostatic role of HIF in maintaining other aspects of the gut barrier, defensin expression has not previously been linked to HIF signaling.
In the present study, we report that HIF-1a selectively regulates basal murine and human defensin expression. This work identified and characterized a critical role for basal HIF1a in DEFB1 expression that is dependent on a hypoxia response element (HRE) consensus sequence in the DEFB1 promoter. Because species-specific expression of DEFB1 precludes in vivo models, we used human intestinal samples to correlate the expression between DEFB1 and a canonical HIF-1a target gene. These findings are the first to link HIF to defensin expression and illuminate a mechanism for constitutive DEFB1 expression that provide rationale for targeting epithelial HIF for therapeutic treatment of mucosal disease.
RESULTS

Basal regulation of defensins by HIF in murine colonic epithelia
Initially, we confirmed previous observations of ''physiological hypoxia'' in the murine colon. 1 To visualize regions of low pO 2 in the colonic mucosa in healthy mice (C57BL/6), we utilized HypoxyProbe-1, a pimonidazole HCl adduct-forming hypoxia marker that enables fluorescent antibody-mediated visualization of tissues experiencing pO 2 p10 mm Hg. As shown in Figure 1a , and consistent with previous observations, 18 we observed prominent localization of the pimonidazole adducts in the brush-border epithelial cells that line the colonic mucosa, with graded decreases toward the base of the crypt. From such observations, we sought to determine how basal HIF signaling influences the transcriptional profile of the intestinal epithelium. To do this, we performed gene expression arrays using epithelial-rich mucosal scrapings from mice with a targeted intestinal epithelial Hif1a knock out. This analysis revealed a cluster of 11 defensin-related genes (murine b defensin-6, various defensin cryptdins, and cryptdin-related sequences) that exhibited reduced expression with epithelial Hif1a knock out (Figure 1b) .
Selective regulation of human DEFB1 by HIF-1a in human intestinal epithelia Similar to ''physiological hypoxia'' in vivo, basal HIF-1a is detectable in Caco-2 cells cultured in normoxic conditions ( Figure 1c) . To determine whether basal HIF contributes to human defensin expression, we generated Caco-2 intestinal epithelial cells with lentiviral knock down of HIF-1b (encoded by ARNT), which serves as the binding partner of HIF-1a and HIF-2a required for the transcriptionally active heterodimer. We then used real-time PCR to screen expression of hBDs in these cells. Although some targets were unchanged (DEFB103 and DEFB104) or undetectable (DEFB4), ARNT knock down significantly reduced expression of human DEFB1 (Figure 1d) .
To determine the specificity of DEFB1 regulation by HIF, we used lentiviral knockdown to target either HIF-1a or HIF-2a in Caco-2 as previously published 19 and T84 intestinal epithelial cell lines with confirmation of knock down shown in Figure 2a . This analysis revealed that DEFB1 is regulated selectively by HIF-1a in both cell lines (Figure 2b,c) . Interestingly, exposure to 1% O 2 for 2, 4, or 8 h did not influence DEFB1 expression in wild-type or knockdown cells, suggesting that such regulation is basally controlled. Co-transfection of a plasmid encoding stabilized HIF-1a or HIF-2a, despite marked stimulation of a HRE-containing promoter control (Figure 2d) , did not increase DEFB1 promoter activity (Figure 2e) .
To define whether basal HIF-1a activity accounted for the maintenance of DEFB1 expression, we reduced basal activity of HIF and examined DEFB1 expression. To reduce baseline HIF activity, we supplemented cell media with ascorbate (1 mM), a cofactor for the oxygen-dependent hydroxylation of HIF by prolyl-hydroxylase enzymes that initiate degradation. 20 Culture of wild-type Caco-2 cells in supplemented media for 24 h had no effect on nuclear factor-kB p65, indicating a degree of specificity for ascorbate-dependent pathways (Figure 2f ).
Supplementation reduced cytoplasmic and nuclear HIF-1a by B25% (Figure 2g ) and decreased DEFB1 expression 440% (Figure 2h ), suggesting at least some role for basal HIF-1a in DEFB1 expression.
Influence of HIF-1a on hBD-1 protein expression
We next used immunofluorescence staining to determine whether lentiviral-mediated HIF-1a knock down influenced hBD-1 protein expression. As shown in Figure 3a , hBD-1 was expressed diffusely in the cytoplasm of both Caco-2 and T84 cells. Prominent decreases in hBD-1 were noted in epithelial cells lacking HIF-1a relative to either short hairpin controls or epithelial cells lacking HIF-2a ( Figure 3a) . Likewise, examination of hBD-1 secreted into cell supernatants by enzyme-linked immunosorbent assay revealed a 48±6% decrease in hBD-1 secreted by HIF-1a knockdown cells containing mutated oxygen-dependent degradation domains with a HRE (hypoxia response element) luciferase reporter plasmid demonstrates the ability of oxygen-stable HIF to stimulate promoter activity. However, (e) HIF plasmid co-transfection did not stimulate DEFB1 promoter activity, possibly due to basal HIF saturation. (f) Ascorbate supplementation (1 mM, 24 h) did not influence cytoplasmic localization of NF-kB (p65). Shown here are three independent samples with ( þ ) and without ( À ) ascorbate. Regardless, supplementation with the prolyl-hydroxylase cofactor ascorbate (Asc; 1 mM for 24 h) reduced (g) cytoplasmic and nuclear HIF-1a and (h) DEFB1 expression consistent with the model that basal HIF saturates the DEFB1 promoter. All figures (a-h) represent the mean of at least three independent experiments. Error bars represent s.e.m. *Po0.05, ***Po0.0001 as determined by one-way analysis of variance comparing HIF-1a knockdown to baseline short hairpin (Sh) control (b, c) and paired Student's t-test (c, d). NF, nuclear factor.
relative to short hairpin control and HIF-2a knockdown cells (Po0.01, Figure 3b ).
To define the functional relevance of a 50% decrease in hBD-1 on bacterial survival, we developed a killing assay with Escherichia coli Nissle 1917. This bacterium was selected because it is sensitive to oxidized recombinant hBD-1 and it is resistant to low osmolarity to which it was subject during experimental incubation with salt-sensitive hBD-1. 21 As shown in Figure 3c , increasing concentrations of recombinant hBD-1 (rhBD-1; range 0-8 mg ml . These results indicate that at such concentrations, a 50% decrease in hBD-1 expression could increase the E. coli burden by several orders of magnitude ( Figure 3c ).
Molecular mechanism of regulation of DEFB1 by HIF-1a
Analysis of the proximal 1.5 kb of the DEFB1 promoter revealed a single HRE consensus sequence at position À 463 relative to the transcription start site. We used chromatin immunoprecipitation with Caco-2 cells cultured in normoxic conditions to evaluate binding of HIF-1a to this HRE. As shown n Figure 4a , PCR amplification with HRE-spanning primers demonstrated a 7.8 ± 1.4-fold enrichment over immunoglobulin G (IgG) control following precipitation of sheared DNA with anti-HIF1a. To experimentally demonstrate the relevance of this HRE, we mutated three bases of the core HRE sequence (depicted in Figure 4b ) in a DEFB1 luciferase reporter plasmid. We transfected the wild-type and HRE mutant plasmid into Caco-2 cells and observed a 43±13% decrease in luciferase activity in the mutant plasmid (Figure 4b ). Taken together, these studies demonstrate that direct HIF-1a binding to the DEFB1 HRE contributes to the maintenance of DEFB1 expression in intestinal epithelial cells.
Correlation of DEFB1 expression with canonical HIF-1a target gene in human tissue
There are several challenges to studying DEFB1 regulation by HIF-1a in vivo. First, model organisms, including mice, do not express hBD-1. Amino-acid sequence homology is only 53% comparing mouse with hBD-1, and there is also dissimilarity in promoter sequences. 22, 23 Second, because HIF-1a is primarily regulated through post-translational, oxygen-dependent degradation, changes in RNA expression do not reflect cellular protein. Therefore, to test the hypothesis that DEFB1 is a HIF1a target in human tissue, we used real-time PCR to correlate expression of DEFB1 with a canonical HIF-1a target gene, GLUT1. 24 Human intestinal samples were obtained from the TissueScan quantitative PCR gene expression arrays containing cDNA from normal and inflamed human intestinal tissues obtained during surgical resection and biopsy. PCR amplification of both DEFB1 and GLUT1 was detected in 94 of 95 unique patient samples on the arrays. Correlation analysis revealed a significant association between DEFB1 and GLUT 1 expression in these 94 samples (Po0.0001, Figure 5a ). DEFB1 and GLUT1 expression are reported to be greater in the large intestine than in the small intestine. 25, 26 This raises the possibility that combining samples from both the locations might confound the correlation. Therefore, we correlated samples from the small intestine and the large intestine independently and found that the correlation was not influenced by this distinction (Po0.0001, Figure 5a ). We preformed similar analyses with samples from patients with no disease, Crohn's disease, and ulcerative colitis separately and found a positive correlation independent of disease status (Po0.0001, Figure 5b) . Finally, to ensure that the association between DEFB1 and GLUT1 was not an artifact based on varying epithelial content of the samples, we analyzed expression as a function of mucosal fraction. Pathologist reports that accompanied 47 of these samples provide information on the percentage of mucosa, submucosa, and muscle of each specimen. No correlation was found between the percentage of mucosa and DEFB1 or GLUT1, indicating that variation in sample composition cannot explain the correlation of these genes (Figure 5c ). Taken together, such findings strongly implicate a common mechanism of regulation for DEFB1 and GLUT1 in the samples tested here. Finally, immunofluorescence staining of hBD-1 in human colonic biopsies revealed positive staining within the epithelium, with greatest intensity in the epithelium adjacent to the lumen and less intensity within the crypt (Figure 5d ). This staining pattern mirrors the low pO 2 microenvironment of the colon in vivo as revealed by oxygen-sensitive pimonidazole staining (Figure 1a) .
DISCUSSION
The functional anatomy of the intestinal mucosa provides a particularly interesting oxygenation profile, wherein even under physiological conditions, the intestinal mucosa experiences profound fluctuations in blood flow, oxygenation, and metabolism. 27 Studies comparing functional responses between epithelial cells from different tissues, for example, have revealed that intestinal epithelial cells appear to be uniquely resistant to even severe hypoxia and that low pO 2 within the normal intestinal epithelial barrier may be a regulatory adaptation mechanism to the steep oxygen gradient. 5 Thus, both the absorptive and barrier properties of the intestinal epithelium are regulated by the availability of O 2 in both health and disease. 27 Here, we describe a prominent physiological role for low pO 2 in the basal regulation of DEFB1 by HIF-1a.
Oxygen-sensitive staining of the mouse colon enabled us to visualize a distinct layer of tissue subjected to low pO 2 affecting the colonic epithelium (Figure 1a) . This finding confirms previous work 18 and underlies our interest in the role of baseline hypoxia and resulting HIF on epithelial immunity. Utilizing an established mouse model wherein intestinal epithelial cells lacked Hif1a expression, 18 our expression array identified a provocative cluster of 11 defensin-related genes that were significantly abrogated with loss of epithelial HIF-1a expression. Characterization of these animals have found them more susceptible to experimental colitis, likely related to multiple defects in barrier function. 18 The pleiotropic role of intestinal HIF-1a has made it difficult to identify the particular contribution of HIF-regulated defensins in normal physiological function. It is notable that the reduced expression of murine defensin-related genes in mice lacking intestinal epithelial HIF-1a was identified in healthy animals in the absence of hypoxia-inducing insult. This underscores the homeostatic role for basal HIF-1a signaling in the intestinal epithelium. This observation in murine tissues led us to investigate the contribution of HIF to human defensin expression in intestinal epithelia.
Classically, HIF is induced in hypoxic conditions, yet we detected basal HIF-1a in intestinal epithelial cells cultured in normoxic conditions (Figure 1c) . Therefore, we sought to determine the role of basal and hypoxia-stabilized HIF on defensin expression in this model. Initial studies indicated that human defensin expression was not changed by exposing cultured epithelia to hypoxia, yet targeted knock down of HIF1a and HIF-1b significantly decreased DEFB1 mRNA expression. This seemingly paradoxical finding, namely that exposure to even severe hypoxia (1% O 2 ) did not change DEFB1 expression despite the role of HIF-1a in maintenance of DEFB1 expression, is not without precedent. For example, one study analyzed expression array data sets and identified genes differentially expressed in hypoxia that also contained at least one HRE within the proximal promoter. Of the top 200 predicted HIF target genes, only 81 responded to hypoxia in at least 3 of the 6 cell types evaluated. 28 This finding provides evidence that a categorical response to hypoxia is not characteristic of all HIF target genes. It is possible that counter-regulatory mechanisms in hypoxia might explain the absence of hypoxia induction of DEFB1. However, the wellcharacterized mechanism, in which hypoxia-induced micro-RNA-155 directly suppresses HIF-1a transcript in Caco-2 cells, is unlikely to explain our results because such effects occur after prolonged hypoxia. 29 The duration of hypoxia exposure in our experiments (8 h), while sufficient to alter expression of HIFtarget genes, obviate concern that microRNA-155 counterregulation affected our results. To test the hypothesis that the transcriptional DEFB1 response was saturated by basal HIF-1a, we supplemented media with ascorbate to enhance HIF-1a degradation. This maneuver has precedent as an approach to reduce basal HIF. 30 As a cofactor for prolyl-hydroxylase enzymes that initiate the oxygen-dependent degradation of HIFa, 20 ascorbate supplementation decreased both cytoplasmic and nuclear HIF-1a and DEFB1. Additional evidence for HIF-mediated regulation was provided by chromatin immunoprecipitation assay and functional promoter site-directed mutagenesis of the classic HIF HRE. In conjunction with results demonstrating no response to hypoxia, this finding strongly supports our hypothesis that basal HIF-1a saturates the DEFB1 transcriptional response through classic HIF-mediated molecular mechanisms. Additionally, we found that co-transfection plasmid encoding stabilized HIF-1a or HIF-2a increase activity of a control (HRE-containing promoter reporter) but not the DEFB1 promoter reporter. This enabled us to selectively increase transcriptionally active HIF-1a and HIF-2a independent of hypoxia. These results argue that counter-regulation of HIF in hypoxia is unlikely to explain the absence of DEFB1 induction by hypoxia in our experiments. The inability of oxygen-stable HIF-1a to induce DEFB1 promoter activity is consistent with our conclusion that basal HIF-1a saturates the DEFB1 promoter in these intestinal epithelial cell lines.
Because murine experiments were not tenable for reasons given previously, we sought to examine the relationship between DEFB1 and HIF-1a in human tissue samples. We used GLUT1, a canonical HIF-1a target gene, 24 as a proxy because HIF-1a is primarily regulated by post-translational oxygendependent degradation; therefore HIF-1a transcript does not reflect the levels of HIF-1a protein. Results from 94 unique tissue samples from various locations in the lower gastrointestinal tract indicated a significant correlation between DEFB1 and GLUT1, consistent with in vitro findings that HIF1a is critical for DEFB1 expression. Because both DEFB1 and GLUT1 expression are reported to be higher in the large intestine than in the small intestine, 25, 26 we analyzed samples from each location separately (Figure 5a) as well as by disease status (Figure 5b ), yet these factors did not abolish the correlation nor was the association an artifact of variation in the mucosal content in each sample (Figure 5c ). The information on the fraction of mucosa, submucosa, and muscularis was available for 47 of our samples, and this data was preferred over determining expression of epithelial markers, such as EpCAM, that may be influenced by inflammation. 31 Furthermore, intensity of immunofluorescence staining of hBD-1 in human colonic biopsies (Figure 5d ) correlated with regions of hypoxic epithelium identified by oxygen-sensitive staining in the mouse colon. Taken together, these observational analyses support our hypothesis that intestinal HIF-1a is critical for DEFB1 expression in vivo.
These correlations also imply that, in the human intestine, HIF-1a signaling is within a dynamic range where DEFB1 expression could be influenced. If so, this adds to growing interest in targeting epithelial HIF as a therapeutic target for restoration and maintenance of barrier integrity. [32] [33] [34] Moreover, from the perspective of pathophysiology, transcriptional regulation by HIF-1a may represent a mechanism whereby DEFB1 could be induced when a tissue normally exposed to an oxygen-rich environment becomes hypoxic. One potential organ is the lung, where DEFB1 was recently found to be inversely associated with functional measures in chronic obstructive pulmonary disease. 35 It is tempting to speculate that upregulation of DEFB1 in the diseased lung is mediated by hypoxia and HIF-1a, but this remains to be determined in future studies.
In summary, we show, for the first time, that basal HIF-1a is critical for the constitutive expression of DEFB1 in intestinal epithelial cells and that DEFB1 correlates with a canonical HIF1a target in the human intestine. These findings exemplify a unique epithelial response to physiological hypoxia, support therapeutic targeting of epithelial HIF, and provide the basis for investigating the DEFB1-HIF-1a relationship in other tissues.
METHODS
Animals. HypoxyProbe-1 was used to visualize tissue hypoxia according to the manufacturer's instructions (Hypoxyprobe, Burlington, MA) in healthy 8-week-old C57BL/6J mice. Intestinal epithelial HIF-1a null mice were generated using Cre-lox technology (Fabpl-Cre and Hif1a loxP/loxP mice) on a C57BL/6-129/SvJ background as previously described. 18 RNA was isolated from colonic mucosal scrapings (three animals per group), reverse transcribed, and hybridized with the PGA mouse v1.1 chip. Experiments were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver in compliance with National Institutes of Health guidelines for use of live animals.
Cell culture. Caco-2 (ATCC# HTB-37) and T84 (ATCC# CCL-248) human intestinal epithelial cells were obtained from ATCC (Manassas, VA) and maintained in 95% air with 5% CO 2 at 37 1C according to ATCC's instructions. Hypoxia (1% O 2 ) exposure was performed using a humidified O 2 control glove box at 37 1C (Coy Labs, Grass Lake, MI) by displacement with 5% CO 2 , 95% N 2 . Ascorbate supplementation was done with L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich, St Louis, MO), a comparatively stable form that accumulates as ascorbate intracellularly. 36 Lentiviral particles encoding a panel of short hairpin RNAs directed against human HIF1b, HIF-1a or HIF-2a (MISSION TRC, Functional Genomics, University of Colorado, Boulder, CO) were used to transduce Caco-2 cells using standard protocols as described previously. 37 Transcriptional analysis. TRIzol (Invitrogen, Grand Island, NY) was used to isolate RNA from cultured cells. iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) and SYBR Green (Applied Biosystems, Warrington, UK) were used for real-time PCR analysis using the following primer sequences:
Protein analysis. Secreted hBD-1 was measured using an enzymelinked immunosorbent assay kit capable of relative quantification of hBD-1 (Adipo Bioscience, Santa Clara, CA). HIF-1a was measured after nuclear and cytoplasmic extraction using the NE-PER kit (Thermo Scientific, Rockford, IL) using the Meso Scale Discovery Total HIF-1 a Kit (Gaithersburg, MD). Sample protein was quantified for normalization using the Pierce BCA Protein Assay Kit (Thermo Scientific). Western blotting performed as previously described 38 with whole-cell lysate after overnight hypoxia/normoxia using mouse antihuman HIF-1a antibody 610959 (BD Biosciences, San Jose, CA).
Immunofluorescence. Cells were grown to confluence on coverslips, fixed with ice-cold 100% ethanol, permeabilized with 0.2% Triton X 100 in phosphate-buffered saline, blocked with 5% normal goat serum and 1% bovine serum albumin in phosphate-buffered saline. Primary antibodies were rabbit polyclonal IgG anti-hBD-1 (AbD Serotec, Raleigh, NC) and mouse monoclonal IgG anti-human ZO-1 (Invitrogen) both diluted to 1:100 in blocking solution. Slides were washed three times in phosphate-buffered saline, and secondary antibodies (Alexa Fluor 555 goat anti-mouse IgG and Alexa Fluor 488 goat antirabbit IgG (Invitrogen)) were used in a 1:500 dilution in blocking solution before mounting with ProLong Gold antifade (Invitrogen). The rabbit polyclonal IgG anti-hBD-1 (AbD Serotec) and Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen) were used at the same concentrations for staining human colonic biopsy tissue.
Bacterial killing assay. E. coli Nissle 1917 (kind gift of Paul Cohen) was grown in Luria Broth. Cultures in log-phase growth were diluted 1000 Â in deionized water to reduce salt, which inhibits the antimicrobial activity of hBD-1. 21 Bacteria were incubated for 1 h at 37 1C with recombinant hBD-1 (ProSpec, East Brunswick, NJ) at a final concentration of 8, 4, 2, 1, 0.5, and 0.25 mg ml À 1 . In all, 10 ml samples were plated in serial dilutions on agar in triplicate, grown at 37 1C for until colonies were visible for enumeration of colony-forming units.
Promoter experiments. Chromatin-immunoprecipitation was performed with Caco-2 cells maintained in normoxic conditions as previously described. 39 Rabbit polyclonal anti-HIF-1a antibody NB-100-134 (Novus Biologicals, Littleton, CO) was used for immunoprecipitation. Amplification with both conventional and real-time PCR was done using HRE-spanning primers (sense 5 0 -TTCTGAGG AGTGCCCTTTGG, antisense 5 0 -CGGCTCTAAGCTGGTGTTGG). DEFB1 promoter luciferase reporter plasmid (SwitchGear Genomics, Menlo Park, CA) was used with the QuickChange Lightning sitedirected mutagenesis kit (Agilent Technologies, Santa Clara, CA) with the following primers: sense 5 0 -TTTCTGAGGAGTGCCCTTTG and antisense 5 0 -TAAGCTGGTGTTGGCCTCTT. Plasmid was transfected into subconfluent wild-type Caco-2 cells (six-well plate; 1 mg per well) using Fugene HD transfection reagent (Promega, Madison, WI) and luciferase activity determined at 48 h. Experiments using cotransfection of stabilized HIF-1a and HIF-2a (containing a mutated oxygen-dependent degradation domain) were performed with 200 ng per well DODD HIF-1a or HIF-2a plasmid and 1 ugper well DEFB1 promoter luciferase reporter plasmid or HRE-containing luciferase reporter plasmid as control (kind gift of Dan Theodorescu). 40 Human tissue. De-identified human intestinal tissue cDNA was obtained using the TissueScan Crohn's/Colitis I and II arrays (OriGene Technologies, Rockville, MD). Of 95 cDNA samples, 94 amplified with reverse transcriptase-PCR corresponding to 45 female and 49 males, age range 19-89 years. Distribution of diagnoses was 12 normal, 35 Crohn's, and 47 colitis. Analysis of samples by classification of no disease, Crohn's disease, and ulcerative colitis included 90 total samples because 4 samples from patients with ''colitis'' were not specified as Crohn's or ulcerative colitis. Complete patient/sample characteristics are accessible from the company website (www. origene.com). Immunofluorescence staining of hBD-1 as described above was performed on human colon biopsy tissue obtained under University of Colorado Denver approved protocols.
Statistical analysis. GraphPad Prism 5 (GraphPad Software, La Jolla, CA) was used to create figures and perform statistical analyses, including one-way analysis of variance with Tukey's post-hoc test, paired Student's t-test, and Pearson product-moment correlation coefficient.
